Vineyard soils experience high erosion rates compared to soils from other agricultural land uses. The high soil losses in vineyards limits the sustainability of traditional production schemes and warrants comprehensive research aimed at thwarting the main erosion processes affecting vineyard systems. However, long-term measurements, which include spatial variability of soil erosion rates at the plot scale, are uncommon, as most of the measurements have taken place either at the hillslope or watershed scales. Against this background, the stock unearthing method (SUM) can be considered a useful methodology. However, the current method falls short because it assumes that the topography between the vine lines (inter-rows) remains planar. Therefore, we propose a new methodology (ISUM: improved stock unearthing method) that includes three measurements between in the inter-row areas. By taking inter-row measurements, we hypothesized that the spatial patterns of sediment detachment, transport and deposition features in the inter-rows would be detected. The ISUM costs 20% more time to conduct than the SUM, but greatly improved the utility of the field survey. ISUM allowed for: i) the creation of maps that identified linear soil erosion features and accumulation sites; ii) measures the amount of soil accumulated under the vines; iii) estimation of soil erosion rates with higher accuracy at long-term periods in a specific moment. This study compared the ISUM with the SUM in a vineyard in Spain. Soil erosion rates with ISUM were −2.5 Mg ha yr −1 while the SUM calculated rates of +4.9 Mg ha yr −1
Introduction
Many vineyards have exceeded their ecological limits as they often occupy lands with critical natural conditions such as steep slopes, shallow and rocky soils and dry climatic conditions, factors that may induce high soil erosion rates (Molinero Hernando, 2012; Prosdocimi et al., 2016; Vaudour et al., 2017) . The high erosion rates found in vineyards threaten the goods and services that soils offer to humans (Mol and Keesstra, 2012; Brevik et al., 2015) and undermine the United Nations goals of reaching sustainability (Keesstra et al., 2016a) . However, viticulture areas remain economically and socially relevant and are often highly appreciated for their cultural heritage (Koch et al., 2013; Lourenço-Gomes et al., 2015) . They are often targeted as landscape which should be protected (Leeuwen van et al., 2004; Martínez-Casasnovas et al., 2010) .
Soil erosion on vineyards threatens the sustainability of the vine production system (Martínez Casasnovas and Ramos, 2006) . Verheijen et al. (2009) defined tolerable erosion rates in the fields where degradation or loss of "one or more soil functions does not occur", meaning in Europe from 0.3 to 1.4 Mg ha −1 yr −1
. However, in vineyards, this limit is widely surpassed. For example, Martínez-Casasnovas et al. (2003) summarized total average net erosion of 576 Mg ha . In Italy, in Sicilian vineyards, Novara et al. (2011) using the pin erosion method measured erosion rates of as high as 102 Mg ha −1 yr −1 . Traditional vineyards are commonly planted along contour lines or contain small terraces with moderate slopes, which are supported by long rows of plants (Ramos and Porta, 1997; Sofia and Tarolli, 2017) . Both of these systems lead to increased grape and wine productions, but may consequently enhance land and ecosystem degradations due to accelerated soil erosion, intense ploughing, use of pesticides, herbicides and fungicides (López-Piñeiro et al., 2013; Salomé et al.,2016) .
Extreme rainfall events are also major drivers that cause high erosion rates. But a lack of vegetation (grass or shrub) and, or litter cover (García-Díaz et al., 2017; Novara et al., 2011; Rodrigo-Comino et al., 2017a) or the use of heavy machinery (Bogunovic et al.. 2017; Ferrero et al., 2005) can also enhance soil erosion processes. In this way, land management strategies in vineyards can be seen as abusive of soil resources, as they increase the risk of catastrophic floods, non-point pollution of chemicals caused by excessive overland flow and decrease of water and nutrient availability for the vines (Calleja-Cervantes et al., 2015; Leonard and Andrieux, 1998) . Nowadays, there is a growing awareness of these issues, which has resulted in research aimed to reduce soil losses by means of soil and water conservation strategies (Martínez Casasnovas and Sánchez-Bosch, 2000; Cerdà et al., 2017a) . Moreover, recently, new studies quantify and confirm that vineyards are not sustainable since the initial planting due to the impact on soil properties (Cerdà et al., 2017b; Rodrigo-Comino et al., 2017b) .
The negative impacts registered at the intra-plot scale in soil erosion (e.g. rills, soil properties, etc.) in vineyards is well known by researchers Rodrigo-Comino et al., 2016a) and farmers alike (Bramley and Hamilton, 2004; Marques et al., 2015) . This has necessitated the development of cheap and easily applied measurement methods that are able to survey spatial and temporal topographical changes in the landscape. Such methods can consequently foresee the development of rills and gullies, which are the principal landscape features leading to the more extreme erosion rates in agriculture lands (Defersha et al., 2011) . Most research regarding intra plot variabilities has been focused on short-term (years) time periods. Longterm scale (decades) field measurements, though often claimed to be necessary, are rare, while the information derived from long-term measurements is fundamental to developing and selecting suitable land management plans and the sources can be heterogeneous (Smith et al., 2015) . Performing long-term topographic measurements of vineyards has proven to be both difficult and costly (De Sy et al., 2013) . Therefore, there has been a need to develop longterm measurement techniques to address these demands.
The stock unearthing method (SUM) has been shown to be a reliable method to estimate erosion rates and spatial distribution of the topsoil from pluri-annual to pluri-decennial time scales in vineyards (Brenot et al., 2008; Casalí et al., 2009; Paroissien et al., 2010) . This method is similar to a dendro-geomorphological method which is based on the measurement of the distance from the topsoil to the grafted vine stock union. The graft union has been confirmed as a passive indicator of topsoil movements since the initial planting of vine stock. This method is able to estimate erosion rates at temporal scales sufficiently long to evaluate the cumulated effects of tillage practices, but also to show the spatial distribution of the sediment detachment, transport and deposition under natural rainfall events within a specific time frame.
Significant changes in topsoil level caused by the impact of rainfall events and soil tillage practices in traditionally managed vineyards can lead to land degradation processes by decreasing soil quality, nutrient and water losses or pollutant transports (Blavet et al., 2009; García-Díaz et al., 2017) . To assess changes in soil level, stock unearthing method (SUM) has been a useful method because: i) it is relatively easy to be applied; ii) it generates accurate data which are representative of longterm periods of soil erosion rates; and, iii) it is an easily reproducible tool which can generate the production of a very high actual DEM resolution (cm) without drones or planes. The papers published by Brenot et al. (2006 Brenot et al. ( ,2008 , Casalí et al. (2009 ), Paroissien et al. (2010 , Chevigny et al. (2014) and Quiquerez et al. (2014) as well as the most recent by Rodrigo-Comino et al. (2016b) and Biddoccu et al. (2017) have not only provided estimates of soil erosion rates and identified the main factors responsible for intra-plot variability, but have generated new information for the education of the stakeholders about the environmental issues.
The most recent studies have tested the SUM accuracy by comparing SUM results with digital elevation models, GPS, orthophotography (Biddoccu et al., 2017; Chevigny et al., 2014; Quiquerez et al., 2014) or with data generated from sediment collectors (Rodrigo-Comino et al., 2016b) . However, all of these studies assumed the main limitation of this method: the surface between the vines (inter-row) remains planar. In this way, the effect on soil roughness from tillage, rill development, footpaths, and wheel tracks, plus the consolidation of the soil after tillage or since plantation may have been ignored, as these factors lead to uneven topographical characteristics. Soil is constantly reallocated due to the passing of machinery for various purposes, surface washing of materials as well as consolidation of the soil matrix after the tillage. The SUM method should be enhanced to include measurements which incorporate those factors affecting soil movement in the inter-row areas. Those improvements will contribute to a more accurate soil erosion measurement that will end in a more sustainable management and nature based solutions (Keesstra et al., 2018) .
Therefore, the main aim of this methodological approach is to develop an improved SUM. Moreover, we tried to maintain the improved method's ease to apply and of low cost. To achieve this, we intensively measured two vine rows of a vineyard in Eastern Spain by applying the newly developed improved stock unearthing method (ISUM), and compared the results with the results garnered from the traditional method (SUM).
Materials and methods

Study area
We selected a plot from the traditional viticulture region of Terres dels Alforins, in Valencia province (Valencia, Eastern Spain). The experimental area is located in Les Alcusses valley within the Moixent municipality ( Fig. 1) . The study area is a representative vineyard, located in a colluvial lying area (footslope position) with active erosion processes, including tillage and water soil erosion. The selected rows were considered as representative because they had not been recently tilled and there were clear signals of soil erosion (e.g. rills and sinks).
The plantation belongs to the Celler del Roure winery and is 25-years old, with a framework of 3.0 × 1.4 m. Each row contains approximately 125 and 130 vines (≈175 m). The observed soil profiles reach from 40 to 60 cm depth and are homogeneous due to millennia old practice of tillage. All the rows and inter-rows receive the same agricultural treatment: tillage (three times per year). The soil texture is sandy-loam. At the surface, the rock fragments cover from 25 to 40% and from 10 cm depth, the volume of rock fragments and gravels in the soil profile are lower than 10%.
Stock unearthing method: improvements from SUM to ISUM
The stock unearthing method (SUM) aims to measure the distance between frontal marks on the graft union of vines and the actual soil surface. The unearthed graft union reflects the initial distance between the vine stock and the actual topsoil level at the date of observation. Before the initial vine plantation under which grafting occurred, soil is levelled and the saplings (30-40 cm tall by 1-2 cm diameter grapevine) roots are used inserted into the soil. When manually planting, the graft union is consistently placed at 2 cm height to allow the vine to avoid complications caused by soil moisture, freezing, and fungi pests. The distance of the graft union to the original soil level has remained constant since the original vine stock does not grow vertically (Brenot et al., 2006; Brenot et al., 2008; Casalí et al., 2009) ; only the new part corresponding to the new grape variety will grow (Fig. 2a) . Therefore, changes from the theoretical initial conditions due to depletion (Fig. 2b) or accumulation ( Fig. 2c ) of sediments can be estimated. We confirmed with the farmers the unappreciable vertical growth of the graft union after planting and the proof of the initial elevation as constant at a parallel control plot with new vines (initial distance = 2 cm).
The main limit of SUM method is that it was established on the assumption that the topsoil surface between the vine rows remains constantly planar (Fig. 2b and c) , without measuring of uncertainty due to roughness by rills, footpaths, and wheel tracks (Fig. 2d) .
Therefore, we propose an easy-to-apply and low-cost method to improve both the accuracy and resolution of the SUM by additionally including three measurement points from the inter-row area. For this first methodological approach, we decided to measure three extrapoints because we hypothesized that it should be enough to detect the main deposition and erosion features. To do this, we needed to ensure we could gather consistent and uninhibited measurements. For each measurement row, we first identified the vine graft stock unions (2 vines per measurement) and found the point along the vine stock precisely 30 cm above the graft union. This allowed for the accurate measurement of inter-row points that were above the graft unions themselves. We then stretched meter tape between these elevated points ( Fig. 2e) and used a meter stick to measure the distance between the stretched meter tape and the soil surface between the vines at three locations. To determine the three inter-row measurement points, we delineated two points at 1 m of distance from the vines and one more, precisely between (1.5 m) both vines in each row. From these five height measurements, we were able to: i) generate DEMs (digital elevation models) without interpolation methods such as kriging. co-kriging or IDW (Inverse Distance Weighted) by using only measured points; ii) increase the accuracy and precision of our final maps and soil erosion rate estimations; and, iii) detect certain linear erosion processes such as rills, accumulations or mass transports. This provided for evidence of surface runoff as well as subsequent overland sediment flows, directly contributing to understanding the connectivity of sediments and water flows along the slope. We named the updated method Improved Stock Unearthing Method (ISUM).
ISUM maps and estimations of soil erosion rates
We measured the relative soil heights of 200 (100 vines + 100 vines paired) graft unions, from the end part of the graft union to the actual topsoil level. The same person took these measurements throughout the study area. If the high soil roughness under the vine showed little steps, rock fragments or the grass cover limited the visibility of the graft union, soil and plants were carefully removed in order to level the soil under the vine with the adjacent topsoil level. After measuring the distance between the graft union and topsoil level, three more points were delineated between the vines. Therefore, for every paired grapevine, we measure five points. That meant that DEM maps and soil erosion estimations were carried out using 500 points instead of the 200 that would have been used by the SUM. For the final estimations, an addition of 2 cm was applied to all the measurements, corresponding to the initial graft union distance.
To represent the actual topsoil level of the surface in 2017 (February), it was incorporated in a grid of points ("fish net") all the measured points in the software ArcMap 10.4 (ESRI). Two imaginary extra points (0.5 m from the graft union) were needed to be created in every measured line in order to obtain a regular grid. After joining the data of the measured points to the shapefile, we generated a digital elevation model (DEM) by using the "Topo to raster" tool (http:// desktop.arcgis.com/en/arcmap/10.3/tools/3d-analyst-toolbox/topoto-raster.htm). This method, which keeps measured values at sample sites, was preferred to other interpolation methods because a smaller root mean square error can be achieved (Dirks et al., 1998; Goovaerts, 1999; Wang et al., 2013) . Topo-to-raster is "a discretized thin plate spline technique" (Wahba, 1990) for which the roughness penalty has been modified to allow the fitted DEM to follow abrupt changes in terrain, such as streams, ridges and cliffs (http://desktop.arcgis.com/ en/arcmap/10.3/tools/3d-analyst-toolbox/topo-to-raster.htm)
The resultant map with a resolution of 0.5 m was used to assess the spatial distribution of erosion processes. The final map was divided in five parts to be able to analyze every erosion feature with more precision.
Statistical analysis
Boxplot graphics of measured points show averages, medians and percentiles (5th and 95th). To compare the results obtained in every line of point measures, one-way ANOVA test was performed for each line of points with Sigma Plot 12.0 (Systat Software Inc.). However, Shapiro-Wilk and equal variance tests did not indicate the data was normally distributed. Therefore, a Mann-Whitney U test was carried out, where significant differences at p < 0.001 level were taken. Next, we estimated the total soil loss in Mg ha −1 yr −1 after using the volume differences (m 3 ) of soil. The volumes were calculated by creating an imaginary polygon, which were delimited as the distance between each graft union (3 m) and the average of point measures (5): 1.4 × 0.6 m. The height of this polygon corresponded to the distance between the botanic marks and the measured point within the inter-row (Fig. 2e) .
Total soil loss was estimated from the erosion-deposition (ER) equation proposed by Paroissien et al. (2010):
=
VolxBDs StxAv ER
where the volume (Vol), the total area field (St), the age of the vines (Av; 25 years) and the bulk density data (BDs) were used as inputs. The bulk density of 1.22 g cm −3 was taken as the average of the soil samples collected with a steel cylinder (1 cm 3 ) from two depths (0-5 and 5-15 cm) and row positions (n = 7). To calculate erosion and deposition discrepancies between the SUM and ISUM, we used averages of each difference in each measurement for the vines. We consider including this average (100 samples) and the total percentage increase of the final result in the erosion-deposition equation (1 sample).
We conducted a t-test to compare the differences between SUM and ISUM because the data showed a normal distribution and satisfied the conditions of homoscedasticity and independence. We then tested the total estimated values of soil erosion rates from the SUM (200 points) and ISUM (500 points) for normality using the Shapiro-Wilk and equal variance method.
Results
Actual topsoil levels and ISUM maps
A box plot graphic with the total averages, median and percentiles (5th and 95th) can be seen in Fig. 3 . Sedimentation (+5.96 cm) was predominant on the lower (downslope) vine row, while depletion (-0.94 cm) was predominant on the upper (upslope) row. Maximum positive (sedimentation) and negative (depletion) values were located on the lower row and were +21 cm and of −15 cm, respectively. The highest depletion level was observed in the middle section of the inter- row at −4.05 cm. In the measurement positions 2 and 4, which were one-meter distance from the vines, average depletion values were −1 cm (lower row) and +2.55 cm (upper right row). In fact, in the study area, the use of SUM indicated that the vineyards actually received sediment from the upper slope and therefore had a net gain of soil. Contrastingly, ISUM indicated that the vineyards are characterized by high erosion rates due to the lowering of the soil in the inter-row area. Visual inspection showed that the tillage practices caused the soil to accumulate just under the vines, thereby artificially inflating any soil loss estimations gathered from the SUM method, which only measured changes in soil depth in these locations. Table 1 shows the results of a Mann-Whitney U test of all measured points. The lower row, which was characterized by accumulation of soil, contained the highest measurement variability, followed by the middle row (position 3) and the upper row. Fig. 4 represents the ISUM map made from the 500 measurement points. Detailed analysis of the ISUM map ( Table 2 shows the results of soil erosion rates calculated from the traditional (SUM) and improved (ISUM) stock unearthing methods. ISUM estimated total soil depletion of −2.5 Mg ha yr −1 while the SUM actually estimated soil accumulation of +4.2 Mg ha yr −1 . Due to the improved method's inclusion of extra point measurements in the interrow areas, it is possible that the SUM underestimated the soil erosion rates in a total average in every point of about −25.7%. If we calculate the underestimation of SUM using only the total values of soil depletion/accumulation, we would obtain a value of −151.4%. Finally, by using a t-test, we compared mean values between SUM (200 measured points) and ISUM (500 measured points) and showed a statistically significant difference between the mean values between measurement values in both groups (p = < 0.001).
Soil erosion rates according to ISUM and SUM
Discussion
Gerlach troughs (Biddoccu et al., 2016; Rodrigo-Comino et al., 2017a , rainfall simulation experiments (Prosdocimi et al., 2017; Rodrigo Comino et al., 2015; Rodrigo-Comino et al., 2016c) or erosion pins (Novara et al., 2011) , watershed discharge measurements and modeling (Keesstra et al., 2014) have provided detailed information Fig. 3 . Box plot graphic of graft union and inter-row measures (n = 500). *Continuous line: median; discontinuous line: average; x: 5th and 95th percentiles. Table 1 All pairwise multiple comparison procedures (Mann-Whitney U Test).
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Left side vs Right side 6.9 < 0. about short-term erosion rates. However, these methods are usually applied for periods, lasting up to a few years at most (Mekonnen et al., 2017; Masselink et al., 2017a,b) . Further, they introduce artefacts into the pedological system which can affect the soil and possibly impact measurement quality. Plots eventually become exhausted of sediment; erosion pins interfere in the splash and overland flow; and rainfall simulation experiments alter the water balance in the soil. On the contrary, because SUM made use of permanent biological markers, it was possible to calculate soil erosion rates without disruption of the vineyard for long-term periods ( > 25 years). Therefore, we claim that this method should be considered as an important ecological estimator of soil erosion, and further of ecosystem functioning and landscape evolution (García-Ruiz et al., 2017) .
On the other hand, we acknowledge some limitations of the method. First, as related to accuracy of the soil loss rates, which are based on low resolution measures (mm) in every graft union and inter-row measurement point. Second, the general assumption that the graft union is always at the same place may in some cases have been violated. Third, we did not take into account the roughness generated by the rock fragments. Fourth, we acknowledge that the ISUM map has only a short-time period of representatively. This is similar to other methods such as drones or photogrammetric surveys. Further, total soil loss estimation calculated by the erosion-deposition equation from Paroissien et al. (2010) which uses area, age of the vines and bulk density as variables (all fixed in the case study), gives only one datum for the whole measuring campaign, with no replication or error bar. Possibly, a future stratification of the sample would generate several datasets for total soil loss and allow the user more options to assess the final results. Finally, the DEM we have developed could not be completely constrained, since we can only mode the relative roughness of the topography higher than 0.5 m measurement cell only. The last point can be remedied by including extra inter-row point measures.
We demonstrated that the SUM method could be improved by discharging the assumption that the topsoil surface between vine rows remains almost planar. This was supported by visual observation in the field, where high inter-row roughness was identified, plainly indicating areas of depletion and accumulation. This is especially clear in Fig. 6 , which shows that soil had accumulated under the vines due to tillage. Additionally, Fig. 6 shows how linear erosion features channeled surface water, artificially creating transport and sink zones. Vineyards are typified by high variability in topography (David et al., 2014; Prosdocimi et al., 2017; Quiquerez et al., 2014) . To capture this variability, it was needed to improve the method by adding three measure points within the inter-row. The ISUM obtained higher precision, as we surveyed 5 points instead of 2 each 4.5 m 2 . This has contributed to a more detailed and accurate soil loss map. We calculated an increased in the total measurement time effort of ≈20%. Still, however, the greatest time cost was the act of finding and measuring the location of the graft union.
Our results confirmed that SUM underestimates the soil erosion by 25%, and in some location measurements along the vine rows, by more than 150%. An interesting database could be performed if summarized this 25% of theoretical underestimation to the final soil erosion estimation of published papers, which is showed in Table 3 . If we compare this value of final soil loss of 25% to those from other published papers (Table 3) , we find some interesting discrepancies. For example, using the SUM, Casalí et al. (2009 ), or Biddoccu et al. (2016 . By applying the ISUM, it is possible that a more accurate erosion rate of +15.63 Mg ha yr −1 could have been obtained. A possible explanation for this is that the three years of ploughing did not result in a high accumulation of material underneath the vines. However, these updates are only preliminary approach to the final erosion rate that needs measurements in the field.
The ISUM contributed to a topographical survey which was able to avoid the problems associated with extrapolation of point measurements and the transformation of a DEM RodrigoComino et al., 2016a) . Future research should compare the results from different slope positions (summit, shoulder, back-and footslope), different vine ages, different lithologies, before and after tilling or in plots with organic farming. The ISUM method assess the topography and then the connectivity of the flows such as Masselink et al. (2017a Masselink et al. ( ,2017b surveyed, and this information can be also applied at micro-catchments (Vaezi et al., 2017) . Further purely methodological advancements can be made by increasing the number of measured points between the vine rows from 3 to 10 to create a more continuous topographical profile of the soil. This might be accomplished with the use of a laser which would result in maps with mm resolution. However, that would however increase the cost of the research. Additionally, more measurements from several different rows could better help describe the variability inherent of the measurements and, thus, the uncertainty of the method as such. Our proposal is easy to apply, and it is a cheap method to survey soil erosion in vineyards that probably can be applied in other plantations such as persimmon, orange, almond, apricot or cherry orchards, where the graft union is very clear on the tree stem.
Our research suggested that on sloping terrain (5-10°) in tilled vineyards, soil erosion measured with the SUM underestimated the soil loss rates due to the accumulation of sediments under the vines. However, the vineyards, where herbicide treatments and no-tillage management are used, could have showed different results, such as the ones applying organic farming strategies where catch crops, chipped pruned branches or mulches control the soil erosion rates (Kirchhoff et al., 2017) . Probably, the increase in organic matter would result in the swelling of the soil and as a consequence in changes in the soil topography, also varying the final results (Parras-Alcántara et al., 2016).
Conclusions
The new method developed in this research (ISUM) was a viable method to estimate the long-term (25 years) soil erosion rates in vineyards. It improved over the SUM method in that it is: i) more accurately measured lowering of the inter-row topsoil surface as a consequence of soil erosion due to natural and anthropogenic factors; ii) allowed for topographical mapping of the topsoil, where from flow lines could be drawn and ponding areas, which were clearly identified as a result of extra inter-row measurement points. The erosion rate estimated with ISUM and SUM on the same vineyard were −2.5 Mg ha yr −1 and +4.9 Mg ha yr −1
, respectively. We concluded that the rates are different by a 25.7%. We suggest applying the new method (ISUM) because the 20% increase in measurement effort results in a better quality and more accurate dataset, which increases its usability in soil erosion control in both vineyards and other orchard agricultural systems.
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